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ABSTRACT
A sequence of three Chandra X-ray Observatory High Resolution Camera
images taken over a span of five years reveals arc-second-scale displacement of
RX J0822–4300, the stellar remnant (presumably a neutron star) near the cen-
ter of the Puppis A supernova remnant. We measure its proper motion to be
0.159 ± 0.017 arcsec yr−1 toward the west-southwest. At a distance of 2 kpc,
this corresponds to a transverse space velocity of ∼1500 km s−1. This is the
first case of a compact X-ray source with a directly measured proper motion.
The space velocity is consistent with the explosion center inferred from proper
motions of the oxygen-rich optical filaments, and confirms the idea that Puppis
A resulted from an asymmetric explosion accompanied by a kick that imparted
roughly 3×1049 ergs of kinetic energy (some 3 percent of the supernova kinetic
energy) to the stellar remnant.
Subject headings: ISM: individual (Puppis A) — stars: individual (RX J0822–
4300) — stars: neutron — supernovae — supernova remnants
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1. Introduction
There has long been broad consensus that core-collapse supernovae—the explosions
of massive progenitors that produce Types II, Ib, and Ic events at least—leave behind a
compact stellar remnant: either a neutron star or a black hole. Early on, this model was
marred by the paucity of observed compact objects associated with supernova remnants
(SNRs). The discovery in recent years of numerous compact X-ray sources associated with
SNRs, especially with the oxygen-rich SNRs that are presumably the young remnants of core-
collapse SNe, has removed this blemish (e.g. Manchester 2001, for a recent review). Compact
stellar remnants have been identified near the centers of all three of the known oxygen-rich
SNRs in the Galaxy—Cas A (Tananbaum 1999; Chakrabarty et al. 2001), Puppis A (Petre
et al. 1996), and most recently G292.0+1.8 (Hughes et al. 2001; Camilo et al. 2002)—plus
0540–69.3 in the LMC (Seward et al. 1984).
There is also growing evidence, both observational and theoretical, that the explosions
of core-collapse SNe are asymmetric. In young, oxygen-rich SNRs, whose fast filaments
provide the best opportunities for observing ejecta from the cores of massive SNe, anisotropies
appear to be typical: e.g., Cas A (Lawrence et al. 1995; Reed et al. 1995; Fesen 2001;
Hwang et al. 2000, 2004), and the LMC remnants N132D (Morse et al. 1995), and 0540–69.3
(Kirshner et al. 1989), in addition to Puppis A (Winkler & Kirshner 1985). Furthermore,
two-dimensional models for core-collapse SNe show instabilities just prior to collapse that
produce asymmetries in the ejecta distribution (e.g., Burrows et al. 1995).
Simple conservation of momentum requires that if the explosion of a progenitor star
expels the ejecta preferentially in one direction, the compact core must recoil in the opposite
direction. By measuring the displacements of young pulsars from the apparent centers of
their associated SNR shells and using the pulsar spin-down periods as age estimates, Caraveo
(1993) and Frail et al. (1994) inferred that pulsars are typically born with transverse velocities
of 500 km s−1, and that velocities & 2000 km s−1 may occur. Direct radio and optical
measurements have found transverse velocities ranging from 60 km s−1 (for Vela – Dodson
et al. 2003) to 240 km s−1 (for PSR B1951+32 in CTB 80 – Migliazzo et al. 2002).
Here we report measurement of the recoil of RX J0822–4300, the presumed neutron star
near the center of Puppis A, obtained through images taken at three epochs spanning 5 years
from the High Resolution Camera (HRC) on the Chandra X-ray Observatory. Past optical
studies of the most prominent ejecta-dominated filaments show that they are concentrated in
the northeast quadrant of the remnant, and that their motions are northward and eastward,
consistent with undecelerated expansion from a common center (Winkler & Kirshner 1985;
Winkler et al. 1988). The present measurement of the stellar remnant’s rapid motion to the
west-southwest completes a picture of asymmetric ejecta and neutron star recoil resulting
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from a core-collapse supernova.
As this paper was nearing completion, we became aware of a recently submitted paper
by Hui & Becker (2006) that presents a similar analysis based on two of the three Chandra
observations used here. While the Hui & Becker (2006) result is qualitatively similar to our
own, our analysis leads to a more precise measurement and a significantly higher velocity
for RX J0822–4300. We compare their methods with our own at the end of §3.
2. Observations
The compact X-ray source near the center of Puppis A, RX J0822–4300, was observed
with the HRC-I in December 1999 (OBSID 749), and again with the HRC-S in January 2001
(OBSID 1851). We repeated the earlier of these previous observations, using the HRC-I,
on 25 April, 2005 (OBSID 4261). For all three observations, RX J0822–4300 was placed
essentially on-axis for optimum spatial resolution. The observational details are summarized
in Table 1.
At the ∼ 2 kpc distance of Puppis A, a transverse velocity of 1000 km s−1 would give a
proper motion of only ∼ 0.′′1 yr−1. Given Chandra’s uncertainty of ∼ 0.′′5 in absolute aspect,
measurement of the motion over a baseline of a few years is a challenge. By great good
luck, there are two additional point sources quite close to RX J0822–4300, almost optimally
situated for a proper motion study. One is located 2.′7 to the southwest of the stellar remnant;
the other is 5.′4 to the northeast. Both coincide with V ∼ 13–14 mag stars included in the
UCAC2 astrometric catalog (Zacharias et al. 2003), with precisely measured (within 15–24
mas) positions and proper motions. Therefore, it is possible to use these stars as fiducial
sources to provide a precise absolute coordinate system for the image at each epoch.
For each of the three HRC images, we identified the sources and measured their po-
sitions using the standard WAVDETECT routine in the Chandra Interactive Analysis of
Observations (CIAO) software package (version 3.1). Spatial scales from 1 to 16 pixels (0.′′13
to 2.′′1) were employed in the wavelet detection algorithm. RX J0822–4300 and both fiducial
stars were detected with high signal-to-noise (& 5 σ) in all three observations, with positions
within 0.′′6 of the UCAC2 catalog positions (corrected for proper motions to the appropriate
epoch). There can be no doubt that the association of the X-ray sources with the UCAC2
stars is correct. Furthermore, a much fainter X-ray source was also detected at the 2–3 σ
level in all three observations, at a position only 2.′0 from RX J0822–4300 and coincident
within 0.′′5 with a third UCAC2 star. Relevant data for all three stars, extracted from the
UCAC2 catalog, appear in Table 2. All three also appear in the 2MASS catalog (Cutri et al.
– 4 –
2003) at positions consistent with those in the UCAC2 but with lower precision. In Figs. 1
and 2, respectively, we show the central region of an image from the 2005 HRC-I observation
with the sources marked, and the identical field in an optical image taken with the CTIO
0.9 m telescope through a narrow-band red filter (CWL 6852 A˚, FWHM 95 A˚).
3. Proper Motion Measurement
In order to measure the proper motion for RX J0822–4300, it is necessary first to correct
the world coordinate system based on the nominal aspect solution to one based on the fiducial
stars, or equivalently, to transform each X-ray image to a common precise coordinate system.
We assumed that the necessary corrections involve four parameters: translations in x and y,
rotation, and a uniform change in scale. With only two fiducial points it is straightforward
to calculate a unique transformation analytically, while with three points a best fit can be
calculated. We have used both approaches.
In the first method we calculated the transformation using only the two brighter (in
X-rays) stars, A and B of Table 2. While the required corrections from nominal for the
scaling factor, rotation angle, and translation are small in each case (< 0.2%, < 0.◦03, < 0.′′5,
respectively), they are different for the three observations and are significant at the subarcsec
level. Table 3 gives the results for the position of RX J0822–4300 and its motion. The
uncertainties include the formal uncertainties in the positions returned by WAVDETECT for
sources (stars) A and B and for RX J0822–4300, and also the (smaller) position uncertainties
from the UCAC2 catalog, for both epochs, all combined in quadrature. We have included
proper-motion uncertainties from the UCAC2, so the overall position uncertainty for the
astrometric stars increases with time since the 2000.0 reference epoch. However, uncertainties
in the X-ray source positions still dominate at all three epochs.
Our second approach was to define a standard coordinate system, use the IRAF1 task
CCMAP to calculate the best-fit plate solution using all three fiducial stars and then use
WREGISTER to transform to the standard system. We then measured the centroid position
for RX J0822–4300 at all three epochs, with results also given in Table 3. Here the uncertainty
is dominated by the uncertainty in the fitted plate solution, as measured using the rms
residuals.
Since the second approach relies in large part on the position of a marginally detected
1IRAF is distributed by the National Optical Astronomy Observatories, which is operated by the AURA,
Inc. under cooperative agreement with the National Science Foundation.
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X-ray source (star C), with as few as 5 net counts, we have greater confidence in the first
approach, and it is those results that we adopt for the remainder of this paper. However,
the fact that both approaches give results that are consistent within the uncertainties lends
further confidence to the measurement.
Comparison of the two pairs of measurements with baselines longer than 4 years—
OBSIDs 749 vs. 4261 (5.34 yr), OBSIDs 1851 vs. 4261 (4.25 yr)—yield essentially the same
result: a displacement corresponding to a proper motion of ∼ 0.′′16 yr−1 in a direction 15◦–
20◦ south of west. The total displacement from 1999 December until 2005 April is 0.′′81;
from 2001 January until 2005 April the displacement is 0.′′70. For our overall measurement
we adopt the unweighted mean of the two measurements basing the astrometry on stars A
and B only: 0.′′159±0.′′017 yr−1 at position angle 252◦± 8◦. In Figure 3 we show a difference
image between the December 1999 and April 2005 exposures (scaled by the exposure time).
The only strong feature is at the position of the stellar remnant. Fig. 4 shows a small
region surrounding the stellar remnant from Figs. 1 and 3. The evidence for movement of
RX J0822-4300 is unequivocal.
In their recently submitted analysis, Hui & Becker (2006) have obtained a qualitatively
similar but smaller and more uncertain value for the proper motion: 0.′′104 ± 0.040 yr−1 at
position angle 240◦ ± 28◦. Their analysis differs from our own in several respects. (1) They
used only the two HRC-I observations. (2) For the astrometric corrections they used star
positions from the 2MASS catalog, rather than the more precise ones from UCAC2 which
also include proper-motion corrections. (3) Most importantly, they used only the closer of the
two brighter serendipitous sources (A here; B in their paper) for calculating the astrometric
corrections. Thus they did not correct for slight differences in pixel scale between the two
observations. This effect appears to account for the most important difference between their
result and ours. Despite these differences, the fact that independent analyses carried out by
different groups lead to such similar measurements further supports the robustness of the
result.
4. Space Velocity and Kinematics
The most recent estimate for the distance to Puppis A is by Reynoso et al. (1995),
who found 2.2± 0.3 kpc, based on the velocity of H I absorption features. An independent
estimate is 1.8±0.5 kpc, based on a possible association with Vela OB1 (Sakhibov & Smirnov
1983). For simplicity, we calculate the space velocity scaled to a distance d2 ≡ d/2 kpc. The
measured proper motion of 0.′′159± 0.017 yr−1 corresponds to a transverse space velocity of
1508 d2 km s
−1. This represents the first case of a measured X-ray proper motion for a stellar
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object. The high proper motion confirms the general picture of an asymmetric explosion of
the Puppis A progenitor, accompanied by a violent kick to the stellar remnant; a neutron
star space velocity exceeding ∼100 km s−1 cannot be produced by the break up of a binary
system by a supernova.
Petre et al. (1996) predicted just this sort of motion for RX J0822-4300 based on its
position 6′ south-southwest of the expansion center for the oxygen knots measured by Winkler
et al. (1988). For an age of 3700 yr, also determined by the knot kinematics, the expected
transverse velocity is 980 d2 km s
−1. As shown in Fig. 5, extrapolation backwards from
RX J0822-4300 along the vector representing the measured proper motion almost grazes the
90% confidence contour for the explosion center. The present measurement provides strong
qualitative confirmation for the picture of a recoiling neutron star as laid out by Petre et al.
(1996), but it appears that the actual velocity is ∼50% higher than they predicted. This
suggests that the Puppis A remnant is somewhat younger than 3700 yr, and/or that the true
expansion center is somewhat west and south of the one found by Winkler et al. (1988).
How asymmetric was the explosion? Given a velocity of 1507 d2 km s
−1 and a nominal
neutron star mass of 1.4 M⊙, the kinetic energy of associated with the compact star is
3 × 1049 d2
2
ergs. This represents 3% of the total kinetic energy of 1051 ergs produced by a
canonical supernova explosion. Conservation of momentum requires that the net momentum
of material ejected in the opposite direction is 1.4M⊙ × 1507 km s
−1 ∼ 4× 1041 g cm s−1.
Overall the Puppis A remnant looks reasonably symmetric after the northeasterly gradi-
ent in the density of the ambient medium is taken into account. Any asymmetries associated
with the forward shock have long been submerged by asymmetries in the ISM. Oxygen is the
only prominent ejecta species. The Einstein FPCS detected a substantial overabundance of
highly ionized oxygen at ∼ 2× 106 K. Assuming the oxygen is uniformly dispersed through-
out the remnant, Canizares & Winkler (1981) estimated a total oxygen mass of >3 M⊙, from
which they inferred a progenitor mass of >25 M⊙. Subsequent X-ray spectral imaging has
not revealed any asymmetry in oxygen or any other ejecta species (Tamura et al. 1994). The
only manifestation of asymmetry is the array of fast moving knots, composed almost entirely
of warm ([O III] emitting) oxygen and neon (Winkler & Kirshner 1985; Winkler et al. 1988).
It is possible to estimate whether sufficient mass is contained in these knots to balance
the momentum. Winkler et al. (1988) give 0.1 pc and 200 O atoms cm−3 as the typical
knot size and density, for a mass ∼ 0.04M⊙. The proper motions for the 11 measured knots
correspond to 1,000-2,500 km s−1 at 2 kpc. For a typical velocity component opposite the
direction of the stellar remnant of 1,500 km s−1, the corresponding momentum per knot
is ∼ 1.2 × 1040 g cm s−1. Thus ∼ 30 such knots are needed to offset the momentum of
RX J0822–4300. Fig. 5 suggests the existence of this number of knots is reasonable.
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5. Discussion
The nature of RX J0822–4300 is not well understood. Like other objects lumped into
the “central compact object” class, it is detected only in X-rays and shows no long- or short-
term temporal variability.2 Its X-ray spectrum and flux are consistent with thermal emission
from a neutron star surface: either a black body with kT ∼ 0.4 keV and an emitting radius
R ∼ 1.4 km, or a hydrogen atmosphere model with kT∞eff ∼ 0.17 keV, an emitting radius
R∞ ∼ 10 km, and surface magnetic field strength B & 6 × 10
12 G (Pavlov et al. 2002).
An extremely stringent constraint has been placed on the radio luminosity of an associated
pulsar wind nebula, three orders of magnitude below what would be expected if the stellar
remnant were an energetic young pulsar (Gaensler et al. 2000). The resulting stringent
radio limit on E˙ suggests a high magnetic field (B > 6.4 × 1013 G), which in turn invites
comparison of this object with AXPs and SGRs. Such a comparison is premature, however,
given the different spectral and temporal properties of RX J0822–4300. Velocity is not a
discriminator, as AXPs and SGRs show a large range of inferred transverse velocities, from
< 100 km s−1 to ∼ 2900(3 kyr/t) km s−1 (Gaensler 2000).
The object most similar to RX J0822–4300 is the central stellar remnant in Cas A.
Cas A is thought to be the result of the core-collapse explosion of a comparably massive
star (Willingale et al. 2003), with oxygen its most abundant nucleosynthesis product. Its
stellar remnant has similar spectral properties, though it is slightly hotter, as should be the
case for a neutron star one-tenth the age (Pavlov et al. 2002). It too shows no evidence for
temporal variability.3 Its transverse velocity is inferred to be 330 km s−1 for a distance of
3.4 kpc (Thorstensen et al. 2001), perpendicular to the most pronounced asymmetry axis in
the remnant, defined by the “jet” and “counter jet” (Hwang et al. 2004).
The high velocity of RX J0822–4300 challenges explosion models that yield alignment
between the kick direction and the rotation axis of the stellar remnant.4 Neutrino–magnetic
field driven kick models do not produce velocities higher than 250 km s−1. Kicks driven by
radiation from an off-centered rotating magnetic dipole require millisecond spin periods to
impart a spin-aligned kick of 1,000 km s−1. A kick relying on asymmetric matter ejection
arising from hydrodynamic instabilities during the explosion can in principle also provide
kick velocities in excess of 1,000 km s−1 but are less likely to produce alignment. If RX J0822–
2The proposed 75 ms period has been retracted. The current upper limit on pulsed fraction is 10 percent
from 0.003 to 300 s (Pavlov et al. 2002).
3As for RX J0822–4300, the claimed periodicity of 12 ms of the Cas A source has not been confirmed
(Murray et al. 2002).
4See Lai (2001) for a review.
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4300 were spin aligned, then our perspective is ideal for detecting pulsations. The distinct
lack of pulsations, the analogy with Cas A, and the asymmetric spewing of ejecta suggest
a non-aligned kick, possibly of hydrodynamic origin. Perhaps explosions of very high mass
stars produce kicks by a different mechanism from that producing approximate spin-kick
alignment in less massive stars (Ng et al. 2005).
In summary, measurement of the proper motion for RX J0822-4300 completes—in at
least one SNR—what is becoming almost a canonical picture for core-collapse supernovae: an
asymmetric supernova explosion, evidenced in Puppis A by the distribution of undecelerated
filaments of (near) pure ejecta, accompanied by recoil of the compact stellar remnant, here
almost surely a neutron star. With a transverse velocity of 1507 d2 km s
−1, the recoil velocity
is near the outer limits of what has been suggested from models and statistical measurements.
The physics of the explosion mechanism necessary to produce such a kick remains elusive,
but the high velocity and lack of apparent pulsations from RX J0822-4300 do constrain
possible models.
A complete kinematic study of Puppis A, including both the oxygen knots and the
stellar remnant, will be interesting and should be carried out. CCD data should enable
measurement of the motions for significantly more oxygen knots than the handful used by
Winkler et al. (1988), who based their study on only 11 individual knots whose motions
could be measured on photographic plates. A third-epoch follow-up observation from the
Chandra HRC-I in a few years would further cement the kinematic picture.
This research has been supported through the Chandra program by NASA grant GO4-
5062X.
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Fig. 1.— The 2005 epoch Chandra HRC-I image with sources marked by 12′′circles. A, B,
and C all correspond to stars (see Fig. 2), and NS is the presumed neutron star, RX J0822–
4300. Much diffuse emission is also evident. The field measures 8.′6 × 5.′7 and is oriented
north up, east left.
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Fig. 2.— Optical image of the identical field as Figs. 1 and 3, with the astrometric reference
stars marked (the same overlay as Fig. 1). The image was obtained at the CTIO 0.9 m






Fig. 3.— Difference between the 1999 epoch (events black) and 2005 epoch (events white)
HRC-I images, scaled by the exposure time. The overlay is the same as Figs. 1 and 2. Sources
A, B, and C (the three stars) all largely disappear in the difference image, but RX J0822–
4300 shows a noticeable displacement between the two epochs. This motion is more evident
in the detailed view shown in Fig. 4.
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Fig. 4.— Enlarged version of Chandra images of RX J0822–4300: left: epoch 2005 image;
right: difference between 1999 (black) and 2005 (white) epochs. The images are identical
with those of Figs. 1 and 3, but the stretch has been changed to emphasize the narrow
(∼ 0.′′5) point-spread function. The circle is 12′′ in diameter, also the same as in Figs. 1 and
3. Proper motion toward the west-southwest is apparent, with a displacement almost twice
the width of the PSF.
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Fig. 5.— Optical image of the central region of Puppis A in [O III] λ 5007, showing proper
motions of the O-rich filaments and RX J0822–4300. The arrows indicate proper-motion
vectors for ∼ 1000 yr, and the ellipse shows the 90%-confidence contour for the expansion
center. (This is a wider-field version of Fig. 1 from Winkler et al. 1988, overlaid on a more
recent CCD image.) The circle marked NS shows the present position for the presumed
neutron star, RX J0822–4300, and the attached vector indicates its motion over 1000 yr
at the rate we have measured. Backwards extrapolation of its present motion (lighter line)
comes close to the expansion center of the O-rich filaments.
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Table 1. Chandra HRC Observations of RXJ0822–4300.
Obs ID Sequence No Detector Date Exposure (ks) PI
749 500045 HRC-I 1999 Dec 21-22 15.9 Pavlov
1851 500122 HRC-S 2001 Jan 25 19.5 Pavlov




Table 2. Astrometric Reference Stars from UCAC2 Cataloga
Designation Position Pos’n Uncertainty Proper Motion Distance
Short 2UCAC No RA (2000.) Dec (2000.) σRA σDec µRA µDec from NS
b
(mas) (mas) (mas yr−1) (mas yr−1) (′)
A 13302738 8h21m46.s294 −43◦02′03.′′64 15 15 −16.0± 5.2 −1.7± 5.2 2.7
B 13302743 8 21 48.875 −43 01 28.34 15 15 −65.5± 4.7 −7.0± 4.7 2.0
C 13520024 8 22 24.004 −42 57 59.36 24 15 − 4.2± 5.2 14.8± 5.2 5.4
aZacharias et al. (2003)
bAngular separation from the central neutron star RXJ0822-4300.
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Table 3. Proper Motion Measurements for RXJ0822-4300.a
Baseline Displacement Proper Motion
Obs IDs (yr) Method (mas) (mas yr−1) Position Angleb
749–4261 5.34 2-starc 810± 92 152± 17 248◦ ± 8◦
749–4261 5.34 3-stard 1030± 210 192± 39 250◦ ± 14◦
1851–4261 4.25 2-starc 704± 67 166± 16 256◦ ± 7◦
1851–4261 4.25 3-stard 558± 190 145± 45 245◦ ± 14◦
Meane 159± 17 252◦ ± 8◦
aPosition for RX J0822–4300 in 2005 April observation: RA(2000.)= 8h21m57.s352,
Dec(2000.)= −43◦00′17.′′03.
bMeasured north through east.
cAnalytic calculation using reference stars A and B only.
dTransformation based on fits using reference stars A, B, and C.
eMean is the unweighted average of both measurements based on 2-star analytic cal-
culations.
